Introduction
Despite the dramatic advances in targeted therapies, the major difficulty in the treatment of a metastatic malignancy is the eventual exhaustion of therapeutic options available to physicians and patients. Invariably, the development of new mutations, changes in cancer cell populations, and other resistance mechanisms lead to therapeutic resistance. Consequently, repeated tumor biopsies have been consistently shown to guide subsequent therapies in various malignancies (1, 2) . However, repeated biopsies are not only unfavorable to the patient due to inconvenience and discomfort, but they also carry significant procedural risks, add cost and labor, and may contribute to delay in treatment due to extended processing time. Thus, there exists the appeal of a so-called "liquid biopsy" that can less invasively act as a reliable surrogate for tumor biopsies, yet provide as much or even more information pertinent to cancer diagnosis, characteristics, and treatment options. The need for an alternative to physical biopsies is no more apparent than in lung cancer given the high risks associated with lung biopsies, as well as the discovery of actionable driver mutations like the epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) for which targeted therapies now exist (3) (4) (5) together with identified resistance mutations to tyrosine kinase inhibitor therapy.
biology.
History
The first report of a CTC came in 1869 from Thomas Ashworth, who described the presence of tumor-derived epithelial cells in the blood compartment of a patient with end stage metastatic cancer, and postulated that this circulation of cells may account for the presence of multiple tumor metastases throughout the body of the patient (6) . Subsequently, in 1948, Mandel and Métais found cell-free nucleic acid circulating in the human blood (7) . Since that time, a variety of technologies have become available to characterize tumor elements in the peripheral blood. An early approach was to identify the presence of free nucleic acids released from cancer cells into the blood by cancer cell apoptosis and necrosis, as well as by active secretion (8, 9) . Based on the presence of cytokeratins on tumor cells, it was shown that the detection of non-tumor specific epithelial cell mRNA transcripts, such as cytokeratin, by real-time reverse transcriptase polymerase chain reaction (RT-PCR) was sensitive and could be used to prognosticate early stage breast cancer (10, 11) . However, the risk of illegitimate transcription (12) of epithelial protein transcripts by nonepithelial cells rendered this approach problematic, as even low levels of illegitimate transcription in the setting of the high ratio of hematopoietic cells to tumor cells would raise enough background noise to interfere with the accuracy of the assay (13) . More recently, nucleic acid based detection of tumor DNA has focused on tumor mutations that are distinct from germ cell DNA and not subject to the problem of illegitimate transcription. This technique, known as circulating tumor DNA (ctDNA), has been shown to inform on treatment response and mutations associated with drug resistance (14, 15) .
Whole cell based CTC assays are another approach that can serve as a liquid biopsy. As the number of cancer cells in circulating blood ranges only at around 1-1,000 cells per 10 mL, and these cells are approximately 100-1,000 fold more rare than basophils and eosinophils (13) , conventional methods of cellular detection are hence inadequate. Flow cytometry has been used to enumerate CTCs (16) , but the number necessary for characterization is on the order of 10 3 -10 4 , much higher than exist CTCs in peripheral blood (13) . The development of a fluorescence-based automated digital microscopy (ADM) system has shown promise with regards to reliable recognition of immunocytochemically labeled occult tumor cells, but at a cost of slow scanning speeds (17).
The ADM system was further refined by the development of a fiber-optic array scanning technology (FAST) which allowed for scan rates 500 times faster than the conventional ADM (18) . More recently, ADM techniques, with the capacity to scan and analyze cells from a single detector have been successfully employed and have become the basis for the high definition CTC (HD-CTC) described in more detail below (19) .
Overview of current technologies for the detection of CTCs

CellSearch
The CellSearch CTC test was initially developed by Immunicon in the 1980s and subsequently acquired by Veridex in 2008, which in turn was acquired by Janssen in 2012. It remains the first and only FDA-cleared blood test used for the enumeration of CTCs. CellSearch relies on ferrofluid based immunomagnetic separation of cells expressing the epithelial cellular adhesion molecule (EpCAM). EpCAM has been shown to be expressed in a variety of human carcinomas of the gastrointestinal tract, upper aerodigestive and respiratory tract, and neuroendocrine tumors (20) . The premise of the CellSearch method ( Figure 1 ) hence capitalizes on this EpCAM expression: epithelial cells from samples of peripheral whole blood are immunomagnetically enriched by incubation with EpCAM specific immunomagnetic ferrofluid, then stained with CD45, DAPI, and cytokeratins 8, 18, and 19. The bound cells are then magnetically separated out from unbound cells and fixed (21, 22) . To characterize a cell as a CTC, the following criteria are then applied: round to oval morphology, DAPI positive-staining to identify visible nuclei, positive staining for cytokeratin, and negative staining for CD45 to rule out leukocytes (21) . Using the CellSearch method, it was found that CTCs are rarely detected in the blood of normal patients, with ≥2 CTCs found in 0.3% of healthy and nonmalignant patients, whereas ≥2 CTCs were found in 36% of patients with metastatic carcinoma (21) . The CellSearch method was subsequently shown to be feasible in isolating and characterizing CTCs from metastatic colorectal cancer (CRC) (22) , and validated for clinical use in metastatic breast cancer (23) . In 2011, Krebs et al. showed the ability to detect CTCs in non-small cell lung cancer (NSCLC), with a change in CTC number correlating with therapeutic interventions and survival outcome (24) .
However, there are numerous limitations of CellSearch in the detection of CTCs. As EpCAM expression is the primary mechanism for positive selection of CTCs in CellSearch, CTCs not expressing EpCAM will hence be missed by the assay (23) . This characteristic of the assay limits its application to analysis of differentiated tumor cells. EpCAM expression is downregulated when carcinoma cells enter the circulation (25) . It has been shown that certain cancers had low levels of CTCs detected at baseline (26) , and that in other tumor types, patients with poor prognostic characteristics demonstrated undetectable CTC status as measured by CellSearch (27) . This underestimation may be explained by carcinoma cells that lose epithelial antigens while undergoing epithelial-to-mesenchymal transition (EMT) being missed (28) . De-differentiated and EMT cell populations are relevant to understanding cancer behavior and are important to detect, as the presence of mesenchymal markers on CTCs predicts worse prognosis than the expression of cytokeratins alone (28) . Because the number of white blood cells (WBCs) dwarfs the CTC population, reliance on single-parameter enrichment techniques may reduce the overall sensitivity of the assay in the background of noise from the WBC compared with multiparameter enrichment (13) .
Microfluidic devices
The CTC-chip is a microfluidic silicon chip composed of an array of 78,000 microposts within a 970 mm 2 surface arranged in an efficient geometric pattern (Figure 2 , panel I) (29, 30) . The microposts are coated with antibodies to the EpCAM, designed to specifically capture CTCs from unfractionated blood given the frequent overexpression of EpCAM on various carcinomas and absence on cells of hematologic origin (20, 29, 31) . On validation with 166 samples from patients with cancer and 20 healthy patients, the sensitivity of the CTC-chip was 99.1%, and the specificity was 100% (29) . The average number of cells captured per 1 mL of blood was 155 for NSCLC, 86 for prostate, 79 for breast, and 121 for colorectal cancers (29) . A further advance of the CTC-chip was the ability to maintain a mean viability of the captured cells of 98% (29) , which makes the chip an attractive option for subsequent molecular diagnostics (30) . Based on a small cohort of CD45, and DAPI (D); CTCs can be enumerated or analyzed for mutations (e.g., EGFR T790M mutation) (E); Panel II: whole blood is collected from a patient with lung cancer in EDTA tubes (A); then pushed pneumatically through an EpCAM antibody bound chip etched with herringbone design, with a single inlet and outlet (B); captured cells are stained for CK, CD45, and DAPI (C); CTCs can be enumerated, stained for other markers like AR or PSMA, or also undergo molecular testing (e.g., EGFR T790M mutation) (D). EGFR, epithelial growth factor receptor; PSA, prostate specific antigen; PSMA, prostate specific membrane antigen; AR, androgen receptor.
patients with metastatic cancer receiving active treatment, the changes in CTC number per mL correlated well with tumor volume as measured radiographically (29) . The first generation CTC-chip has since been followed with multiple iterations and enhancements. A limitation of the CTC-chip was that the intricate micropost design is difficult to produce on a large-scale basis for highthroughput production (32) . The second generation herringbone-chip (HB-chip) improves on this design by utilizing herringbone-patterned ridges etched into the EpCAM antibody-coated wall of the device to create microvortices to disrupt streamlines and maximize interaction with target cells, and this simpler design more easily allows for production on a larger scale (Figure 2 , panel II) (32) . The HB-chip was able to detect CTCs in 93% of patients with metastatic prostate cancer with a mean CTC count of 386 per 1 mL blood, and had a 26.3% increased capture efficiency compared to the CTC-chip. An unexpected improvement of the HB-chip over the CTCchip was its able to detect CTC microclusters, thought to be important in the role of cancer metastasis (32) .
Numerous newer generations of the CTC-chip have been developed using updated technologies or other enhancements, such as wavy herringbone (33), size-based filtration (34) , high throughput Vortex (35) , nanotube-antibody microarrays (36) , nanoroughened glass substrate (37) , fluid cell-microarray chip (FCMC) (38) , and nanovelcro chip (39) , all with the intent to increase yield, accelerate analysis time, and improve capture of CTCs exhibiting EMT and various characteristics.
HD-CTC
Identification of CTCs in high definition (HD-CTC) is based on ADM techniques (Figure 3) . Rather than using single protein enrichment strategies, all nucleated cells are retained and analyzed. The methods for HD-CTC detection were extensively described by Marrinucci et al. in 2012 (19) . Whole blood specimens are subjected to red cell lysis and centrifugation. Nucleated cells are then resuspended in phosphate-buffered saline (PBS) and attached as a monolayer to custom-made glass slides, each slide able to accommodate approximately 3 million nucleated cells, or about 0.5 mL of blood. These slides are frozen and thawed just before further analysis, and then stained for CD45, cytokeratin, and DAPI. Images are then scanned using a modified fluorescent scanning microscope and analyzed by digital pathology software. Cells need to meet specific criteria to be classified as HD-CTC, namely to have the following features: an intact DAPI nucleus without identifiable apoptotic changes or a disrupted appearance, express cytokeratin, lack expression of CD45, and be morphologically distinct from surrounding nonmalignant leukocytes (19, 40) . The advance of this platform is that images not meeting HD-CTC inclusion criteria were not discarded, but rather, were retained and digitally catalogued for subsequent re-analysis of HD-CTCs (40) . This retention of all cells is touted by Epic Sciences, the primary licensee of this technology, as having the ability to maintain a "no cell left behind" approach.
This assay has been used to characterize the morphology of CTCs. HD-CTCs were shown to have nuclei up to five times the average size of surrounding leukocyte nuclei, irregular nuclear contours, large cytoplasmic domain with an eccentric distribution of cytoplasm relative to nucleus, polygonal or elongated cytoplasmic shape, and clusters of two or more HD-CTCs (19) . In comparison to CellSearch, the HD-CTC assay found significantly higher numbers of CTCs in significantly more patients with metastatic breast, prostate, and lung cancer (19, 41) . Furthermore, tumor staging did not seem to make a difference in the detection of CTCs in NSCLC (40) . The major disadvantage with the HD-CTC assay, however, is the inability to analyze live cells due to the fixing of cells during processing (13) .
Aggregates of CTCs may also be informative. The HD-CTC assay was shown to be feasible in identifying and characterizing CTC aggregates, and found to occur often in patients with metastatic breast, NSCLC, pancreatic, and prostate cancer (42) . Subsequent mouse models have shown that CTC clusters arise from oligoclonal tumor cell groups rather than aggregation intravascularly, and these cluster are important mediators of cancer metastases (43) .
Prognostic, predictive, and diagnostic values of CTC detection technology
While the aforementioned CTC detection methods have their respective strengths and weaknesses, the most important characteristic remains their utility in the biology of specific malignancies. The best barometer for the clinical utility of these tests is their prognostic, predictive, and diagnostic capabilities. These terms are often used erroneously and lead to confusion in interpreting data measuring these aspects. A concise review of this topic was provided by Dr. Karla Ballman in her 2015 Journal of Clinical Oncology article (44) . In brief, a biomarker prognosticates for a disease if it is able to describe an outcome such as survival, disease recurrence, disease progression, or risk of metastasis, without attribution to treatment rendered. A predictive biomarker, on the other hand, denotes a difference in outcome as it relates to treatment based on whether the biomarker was positive or negative. For example, the presence of an EGFR mutation predicts response to targeted therapy such as gefitinib and erlotinib (3). The term "diagnostic" is more straight-forward and indicate a biomarker's ability to detect a disease if it already exists. The prognostic, predictive, and diagnostic abilities of each method of CTC detection will be described here.
Prognostic
In lung cancer, the prognostic ability of CellSearch in enumerating CTCs has been demonstrated in both small cell and non-small cell patients. In small cell lung cancer (SCLC), a higher number of CTCs >300 per 7.5 mL blood was associated with a shorter median survival of 134 days compared to 443 days in patients with CTCs <2 per 7.5 mL blood (45) . In NSCLC, Krebs et al. in 2011 showed that 32% of patients with metastatic disease had ≥2 CTCs per 7.5 mL blood prior to treatment with chemotherapy. When comparing baseline CTCs with post-treatment after one cycle of chemotherapy, patients with ≥5 CTCs per 7.5 mL blood compared to <5 at both time points had a hazard ratio (HR) of progression of 12.06, and a HR of death of 15.65 (24) .
The most advanced work with CellSearch has been done in a study of metastatic breast cancer where ≥5 CTCs per 7.5 mL blood was shown to have a HR of 1.76 for progression and 4.26 for death compared to <5 CTCs attached as a monolayer to glass slides with proprietary coating to allow maximal retention of live cells (C); slides are frozen and thawed just before further analysis. Slides are incubated with and cells stained for CK, CD45, and DAPI. Other characterization antibodies may also be added (D); a custom fluorescent scanning microscope scans images of and analyzes cells using a custom digital pathology software based on stringent criteria for HD-CTC (E); HD-CTCs are saved and presented to pathologist for confirmation. Images are saved and digitally catalogued for future re-analysis (F); genomic analysis such as FISH or NGS can be completed (e.g., ALK rearrangement) (G). ALK, anaplastic lymphoma kinase; FISH, fluorescent in situ hybridization; NGS, next generation sequencing. per 7.5 mL blood (46) . The large SWOG S0500 study confirmed the prognostic ability of using CellSearch for CTC enumeration, but also underscored the lack of its predictive capacity. A total of 595 patients with metastatic breast cancer were stratified into three groups based on the lack or presence of increased CTCs at baseline as well as after 21 days of therapy. Increased CTCs was defined as having five or more CTCs per 7.5 mL of blood. Patients who had persistently elevated CTCs after 21 days of first line chemotherapy were then randomized to either continue present therapy, or switch to an alternative therapy. There was no overall survival benefit when patients had early switch to alternate therapy based on persistence of elevated CTCs. However, the study confirmed that the number of CTCs was strongly prognostic, with patients having low CTCs at baseline demonstrating a more favorable median OS of 35 months, followed by patients with high CTCs converting to low CTCs after treatment doing slightly worse with a median OS of 23 months, followed by patients with persistently high CTCs despite treatment having the worst median OS of 13 months (47) .
The CTC-chip has been used to assess for outcome in metastatic NSCLC (48) . In a cohort of patients with advanced NSCLC, CTCs were found in all patients with a median of 74 cells/mL. Radiographic characterization of tumor burden did not appear to correlate with the number of CTCs from blood drawn at corresponding time points, and was thought to be related to influences on CTC number by other tumor characteristics. However, serial measurements did show a correlation between decrease in CTC number with treatment, and increase in CTC number with progression (48) . A different fluidic-based chip platform termed the FCMC was developed in 2016 by Sawada et al. (38) . The FCMC, which employs thousands of microchambers on a cell microarray chip, was used to examine the prognostic value compared to CellSearch in patients with advanced breast cancer. Using a threshold of 3 CTCs/1.6mL blood, the FCMC found a shorter PFS in CTC positive versus CTC negative patients with a HR of 11.31, which was much higher than the HR of 4.229 in CTC+ vs. CTC− patients using CellSearch. The increase in HR of FCMC over CellSearch is believed to be due to the improved detection of EMT-CTC in the latter (38) . Similar findings have not yet been demonstrating in lung cancers.
In a single institution longitudinal analysis CTCs in metastatic NSCLC using the HD-CTC platform, higher numbers of CTCs were also shown to be associated with a poor prognosis. Of a total of 66 blood samples from 28 patients with NSCLC were evaluated, HD-CTCs were detected in 68% of the samples. A significant increase in the risk of death was found in patients with 5 or more CTCs per mL blood, compared to patients who had fewer than 5/mL, with a HR of 4.0 (41) . Similarly, PD-L1 expression seems to correlate with worse prognosis in patients with NSCLC. Using the EPIC HD-CTC platform, peripheral blood samples from patients with NSCLC demonstrating PD-L1 expression in >1 cell/mL corresponded to worse overall survivals independent to staging in pre-biopsy and follow up samples (49) . While not commercially available, this finding has the potential to allow the use of PD-L1 expression on CTCs as a predictive biomarker for immune checkpoint inhibition therapy (49) .
Predictive
Unfortunately, as the CellSearch platform is designed purely for CTC enumeration, it offers no predictive capabilities alone unless combined with other modalities. In the phase II TRIGGER study, blood samples from patients being treated with erlotinib for EGFR mutated advanced NSCLC were taken for analysis. CTCs were captured using the CellSearch System and subsequently analyzed by Next Generation Sequencing (50) . Of the 37 patients examined, CTCs that met all of Veridex's criteria were found in only 41% of patients. However, in addition to the captured CTCs, when cells with potential neoplastic elements were also sequenced for EGFR mutations, a sensitivity of 84% and specificity of 100% was found (50) . Essentially, this methodology acknowledges that not all neoplastic cells have the morphologic phenotype of a classical CTC. Such an approach of combining cell-based and genomic assessment may represent the future of CTC application as the combined techniques are more accurate.
In contrast, perhaps the most promising aspect of the CTC-chip is its predictive qualities. Indeed, the CTC-chip has been shown to effectively detect EGFR mutations in circulating lung cancer cells (48) . In comparison of blood samples against tumor biopsies from 23 patients with NSCLC, CTCs were found in all patients with a median of 74 cells/mL, with a 92% sensitivity in detection of EGFR mutations. Of particular interest are observations that the number of CTCs did not correlate well with tumor burden radiographically at single time points, but did increase and decrease with radiographic progression and response, respectively, and that additional EGFR mutations including T790M emerged in CTCs throughout the course of treatment. The detection of mutational evolution in response to therapy in CTCs may suggest a clinical strategy of realtime tumor genotyping with the CTC chip, as well as obviate the need for repeated multiple tumor biopsies (30, 48) .
In a proof of concept study, the HB-chip showed promise in predicting for treatment responses in castrate resistant prostate cancer. Miyamoto et al. demonstrated that the HB-chip was able to detect changes in the androgen receptor (AR) and prostate-specific membrane antigen (PSMA) expression patterns on metastatic prostate cancer CTCs during the course of treatment with androgen deprivation therapy. Furthermore, an increase in AR reactivation in CTCs despite treatment with abiraterone acetate was associated with poor prognosis manifested by worse survival. While not validated, these findings suggest a potential for using pretreatment and posttreatment AR signaling in CTCs as a noninvasive method to individualize and guide decisions for second-line therapies (51) .
The HB-chip has subsequently been studied in the detection of the T790M mutation in NSCLC. A series of patients with EGFR mutated NSCLC underwent tumor biopsies and blood draws for evaluation of CTCs and ctDNA. Of 37 patients whose blood was available for evaluation, 76% of CTC isolates had sufficient genetic material for genotyping. The EGFR T790M mutation was 74% concordant between CTCs and tumor biopsies, whereas the ctDNA was concordant with tumor biopsies in 61% of cases. When CTC and ctDNA genotyping were combined, the T790M mutation was detected in 100% of cases, with 35% detection in in patients that had a negative or indeterminate concurrent biopsy (52) . While this study showed that using CTC for detection of the T790M mutation was feasible, the yield may be increased by the combination of multiple genotyping modalities. More recently, the detection of ALK-rearrangement in NSCLC by break-apart FISH has been described in other microfluidic chip platforms like the nanovelcro chip (39) and the labelfree CTChip ® FR1 by Clearbridge BioMedics (53) .
HD-CTC has also been used to assess for predictability to treatment in metastatic castrate resistant prostate cancer (mCRPC). Pretreatment blood from 161 patients with mCRPC were assessed for expression of the androgenreceptor splice variant 7 (AR-V7) by immunofluorescence on CTCs captured using Epic Sciences' non-EpCAM based HD-CTC platform. All patients with AR-V7 expressing CTCs demonstrated resistance to AR signaling inhibitors, and had significantly worse PFS and OS when compared with patients with CTCs negative for AR-V7.
These findings support the use of AR-V7 as a predictive biomarker for response failure to treatment with AR signaling inhibitors (54) . HD-CTC has been lesser studied in the predictive setting for NSCLC, but in a small series of patients with NSCLC, detection of ALK rearrangement by FISH on peripheral blood CTCs using the Epic platform demonstrated modest sensitivity and specificity (55) .
One can also learn tumor biology from CTCs without the use of any device at all aside from the use of animals. Direct injection of CTCs from blood of SCLC patients has been successful in developing tumor xenografts in mice. Hodgkinson et al. described the first successful CTC-derived xenograft (CDX) model in which CTCs from SCLC were transplanted into mice to form tumors, showing that SCLC CTCs were tumorigenic, that CDXs represented clinical SCLC, and that CDXs accurately reflected patient response to therapy (56) . This powerful new advancement provides a unique opportunity to minimally invasively create accurate in vivo models of lung cancer, and is currently being used to study tumor behavior, elucidate mechanisms of drug resistance, and develop novel targeted therapies for SCLC ( Figure 4) (57) (58) (59) .
Diagnostic
The microfluidic nanovelcro chip showed a 75% sensitivity and 96.4% specificity for the diagnosis of primary pancreatic ductal adenocarcinoma, with 60.7%, 78.6%, and 96.3% detection in stages II, III, and IV, respectively; however, there was 0% detection in stage I disease (60) . A size-based filtration microfluidic chip used to detect CTCs in lung cancer patients demonstrated a 73.3% sensitivity and 100% specificity, with a threshold for definition of lung cancer by CTC level set at 5.15 cells per mL (34) .
Similarly, in 78 chemotherapy naïve patients with stage I-IV NSCLC, blood samples were obtained and analyzed for HD-CTC. There was a high HD-CTC detection rate of 73% across the whole population, with a median of 4.4 HD-CTCs per 1 mL blood and a mean of 44.1 HD-CTCs per 1 mL blood (40) . Notably, HD-CTCs were detected in 85% of patients with stage I and II disease and 79% in stage III (40) . When examined against FDG-PET imaging in NSCLC, HD-CTC number did not correlate with tumor diameter, and increasing HD-CTC counts only weakly correlated with increasing SUV values. The heterogeneity of HD-CTC numbers seen in both early and late stage diseases suggest a potential use of HD-CTC to gain insight into individual tumor biology, and use as a noninvasive diagnostic tool (61) . Indeed, when circulating tumor microemboli (CTM) were examined in concordance with imaging in patients with NSCLC, it was shown that CTMs in combination with clinical and imaging data was able to significantly discriminate for diagnostic accuracy in all stages as well as stage I disease (62) .
Future technologies for tumor characterization of CTCs
An understanding of cancer evolution over time must take into account the genomics of a tumor. This is now possible on a single cell basis at the level of whole genome copy number analysis (63) (64) (65) (66) (67) . Combined with morphologic analysis of CTCs, the addition of genomic analysis provides a capacity to study cancer populations as a collection of individual cells, often revealing cancers to be oligoclonal proliferations of cancer cells, rather than truly clonal populations possessing a singular genome (68) . The unique nature of CTC analysis, permitting serial analysis has been successfully performed on patients, creating a method for the identification of new tumor lineages to be identified as they evolve in real time (69) .
Genomic analysis of tumors is not ideal for understanding phenotypic changes in tumor over time. Proteome analysis at the single cell level has often been performed by using immune detection of cancer cells. However, because most technologies for CTC collection already expend much of the available color spectrum for collection and identification of tumor cells, often there are only 1 or 2 color channels left to perform analysis of protein. Mass spectrometry provides an alternative platform for studying proteomics. Historically, the matrix assisted laser desorption ionization imaging mass spectrometry (MALDI IMS) set the stage for the mass spectrometric analysis of biological specimens (70) . For tissue samples, specimens are spray-coated or microspotted with MALDI matrix in a grid pattern, and a laser beam fired at the tissue section "paints" a twodimensional map of the signal intensity across the intact tissue section (71, 72) . The result is the ability to analyze hundreds of molecules quickly and simultaneously (71) . The advantage of MALDI IMS over other in situ molecular analysis techniques is the lack of target-specific reagents required, as is needed in immunohistochemistry (73) . This technology has already been used to characterize diagnostic and prognostic markers in tumors such as breast (74), brain (75) , colon (76) , gastric (77) , lung (78) (79) (80) , and prostate cancer (81) . In a large retrospective study by Taguchi et al., blood collected from patients with NSCLC before treatment with an EGFR TKI was analyzed by MALDI IMS and compared against patient outcome, and an algorithm was developed to stratify patients into "good" or "poor" risk groups based on possible clinical benefit from EGFR TKI treatment (82) . Subsequently, the large phase 3 PROSE trial was able to prospectively demonstrate that patients with NSCLC carrying a good proteomic test classification predicted for benefit with erlotinib therapy over chemotherapy, whereas those with a poor proteomic classification predicted for benefit with chemotherapy over erlotinib (83) .
Fluidigm has developed a mass cytometry technology that takes advantage of inductively coupled plasma mass time-of-flight spectrometry (ICP-TOF-MS). Cells are tagged with antibodies bound to rare earth elements rather than fluorescent labels, nebulized, and sent to a fast elemental reader, which is able to detect proteins and other molecules in individual cells (84) . This technology has been used to assay antigens from patients' samples of leukemia and breast cancer (84) (85) (86) . This technology has been successfully applied to CTC analysis in combination with genomic analysis (87) . Thus the future of cancer research will benefit from technology that allows for repeat sampling of tumors, single cell genomic characterization, and subsequently single cell proteomic analysis. This combined platform, known as High Definition Single Cell Analysis (HD-SCA), is being expanded outside of the laboratory that developed it and will open additional operations at new laboratories in the United Kingdom and in Maryland, USA, in addition to its current location in Los Angeles. As the technology for rapid and inexpensive combined proteogenomic analysis of single cells becomes available to an increasing number of investigators, new knowledge can be gained as the scale of research performed is increased.
